Tlusty's topological arguments regarding the genetic code are applied to the classification of tertiary irregular protein symmetries. Unlike the genetic case, two protein folding codes are found, a 'normal' globular and a 'pathological' amyloid version. The underlying normal 'protein folding code error network' is found to have one major, highly dominant, 'spherical' component, a minor attachment handle in the Morse Theory sense, and as many as three additional subminor handles. The basic amyloid folding code error network appears to be more complicated, of genus two, giving the eightfold symmetry of the steric zipper. Like many before us, we conjecture that the elaborate cellular regulatory machinery associated with the Endoplasmic Reticulum and heat shock proteins is needed to prevent transition between these two thermodynamically 'natural' sets of protein conformations, and that its corrosion by aging accounts for the subsequent onset of many protein folding disorders. These results suggest markedly different evolutionary trajectories for the genetic and protein folding codes.
Introduction
It is obvious, from the vast spectrum of protein folding disorders, that the amyloid fibril must compete thermodynamically and kinetically with globular and unfolded monomeric states. This suggests the existence of two distinct underlying 'protein folding codes' whose ultimate structures are, perhaps, a somewhat debatable matter of formal taxonomy. However, this basic duality would, in general, explain the necessity of the elaborate regulatory structures associated with the endoplasmic reticulum and its attendant spectrum of chaperone proteins (e.g., Scheuner and Kaufman, 2008) , and the evolutionary structure of protein sequences inferred by Goldschmidt et al. (2010) . The inevitable corrosion of the cellular regulatory apparatus with age would then explain the subsequent onset of amyloid fibril disorders.
Very early on, Astbury (1935) conjectured that globular proteins could also have a linear state, based on pioneering x-ray studies. Chiti et al. (1999) argue that ...[P]rovided appropriate conditions are maintained over prolonged periods of time, the formation of ordered amyloid protofilaments and fibrils could be an intrinsic property of many polypeptide chains, rather than being a phenomenon limited to a very few aberrant sequences. Wang et al. (2008) , in a an elegant series of experiments on bacterial inclusion bodies, conclude that ..[A]myloid aggregation appears to be a common property of protein segments and consequently is observed in both eukaryotes and prokaryotes... [Thus] there must be evolved strategies against amyloid formation, which include both quality control mechanisms through molecular chaperones as well as sequence-based [evolutionary] prevention of amyloid aggregation... ...
[E]ach protein may exist, not only in an unfolded or folded state, but, by containing at least one amino acid segment that is capable of participating in a sequence-specific, ordered, cross-β-sheet aggregated state, may also exist in an amyloid-like aggregate. The process of protein aggregation can thus be viewed as a primitive folding mechanism, resulting in a defined, aggregated conformation with each aggregated protein having its own distinctive properties.
Here we will use Tlusty's (2007a Tlusty's ( , b, 2008a Tlusty's ( , b, c, 2010 arguments on the evolution of the genetic code to explore this duality.
The first paper in this series (Wallace, 2010 ) applied Tlusty's rate distortion analysis of the genetic code to protein folding dynamics. The trick here is to apply the topological methods from that work to the 'protein folding code' for three dimensional globular proteins and the eightfold symmetry of the steric zipper associated with amyloid fibrils (Sawaya et al., 2007) . As Kamtekar et al. (1993) point out, experimental studies of natural proteins show how their structures are remarkably tolerant to amino acid substitution, but that tolerance is limited by a need to maintain the hydrophobicity of interior side chains. Thus, while the information needed to encode a particular protein fold is highly degenerate, this degeneracy is constrained by a requirement to control the locations of polar and nonpolar residues. This is the precise protein folding analog to Tlusty's error network analysis of the genetic code, and his graph coloring arguments should thus apply, in some measure, to protein folding as well, allowing inference on the underlying structure of the 'protein folding code'.
In a similar fashion, Tyco (2006) argues that the amyloid fibril is a generically stable structural state of a polypeptide chain, competing thermodynamically and kinetically with globular monomeric states and unfolded monomeric states. Peptides and proteins that are known to form amyloid fibrils have widely diverse amino acid sequences and molecular weights. He particularly finds that
The near sequence independence of amyloid formation represents a challenge to our understanding of the physical chemistry of peptides and proteins.
Such sequence independence is, again, very precisely the degeneracy associated with Tlusty's error network approach.
Normal globular proteins
Irregular protein symmetries were first classified by Levitt and Chothia (1976) , following a visual study of polypeptide chain topologies in a limited dataset of globular proteins. Four major classes emerged; all α-helices; all β-sheets; α/β; and α + β, as illustrated in figure 1.
While this scheme strongly dominates observed irregular protein forms, Chou and Maggiora (1998), using a much larger data set, recognize three more 'minor' symmetry equivalence classes; µ (multi-domain); σ (small protein); and ρ (peptide), and a possible three more 'subminor' groupings. Generalizing Table  1 of Tlusty (2010) according to the genus γ of the underlying graph, that is, the number of holes in the error network associated with the proposed code, we can apply Heawood's graph genus formula for the coloring number that identifies the maximal number of first excited modes of the coding graph Laplacian,
( 1) where Int is the integer value of the enclosed expression and γ itself is defined from Euler's formula (Tlusty, 2010) as (Chou and Maggiora, 1998) . (2) where V is the number of code network vertices, E the number of network edges, and F the number of enclosed faces. Equation (1) In Tlusty's scheme, the second column represents the maximal possible number of product classes that can be reliably produced by error-prone codes having γ holes in the underlying coding error network.
We infer that the normal globular 'protein folding code error network' is, essentially, a large connected 'sphere' -producing the four dominant structural modes of figure 1 -having one minor, and possibly as many as three more 'subminor' attachment handles, in the Morse Theory sense (Matsumoto, 2002) , a matter opening up other analytic approaches.
Amyloid fibrils
Pioneering work by Sawaya et al. (2007) identifies an eight-fold 'steric zipper' symmetry necessarily associated with the linear amyloid fibrils that characterize a vast spectrum of protein folding disorders. Figure 2 , adapted from that work, shows those symmetries. In essence, two identical sheets can be classified by the orientation of their faces (face-to-face/face-to-back), the orientation of their strands (with both sheets having the same edge of the strand up or one up and the other down), and whether the strands within the sheets are parallel or anti parallel. Five of the eight symmetry possibilities have been observed. This suggests, from the text table above, that the 'amyloid folding code error network' is a double donut, that is, has two, different sized, interior holes, resembling, perhaps, a toroid with a smaller attachment handle. 
Discussion
Two points emerge.
[1] Tlusty (2010 , Table 1 ) constructs a relatively smooth error networksymmetry based taxonomy for the evolution of the genetic code, and suggests that future evolutionary process could well expand that code's expression from 20 to as many as 25 amino acids. The globular/amyloid disjunction explored here suggests a markedly different evolutionary trajectory for the 'protein folding code', such as it is. If amyloid proteins were indeed the primitive form, as Wang et al. (2008) conjecture, then a remarkable evolutionary change occurred, reducing the topological complexity of the code from a double toroid to a sphere with a few small attachment handles. This suggests a punctuated equilibrium transition, in the sense of Eldredge and Gould (1972) , a shift from one to three dimensional protein structures in which the 'protein folding code' became topologically simplified while the overall protein topology became more complex. It does not seem impossible, but represents a markedly different evolutionary trajectory from that inferred for the genetic code.
[2] Cellular regulatory machinery for protein folding -chaperone processes associated with the endoplasmic reticulum -must inevitably be cognitive in the sense of Atlan and Cohen (1998) . It should thus be possible to develop a 'cognitive paradigm' for active protein folding regulation, in the sense of Wallace and Wallace (2008 , 2009 , and begin to incorporate the effects of epigenetic factors, including patterns of culture and psychosocial stress, into the etiology of protein folding disorders.
Tlusty's work appears to be producing something of a scientific open season.
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